We study a model with U (1) gauged lepton number symmetry in which the active neutrino masses are generated at two-loop level through the spontaneous breaking of the lepton number symmetry.
I. INTRODUCTION
The lepton number is conserved as a global symmetry in the framework of the standard model (SM) accidentally, which motivates us to promote its symmetry to the new gauge symmetry. A gauged U(1) lepton symmetry extended model has been done by the group in ref. [1] , in which they mainly discuss the electroweak phase transition. Also a gauged SU(2) lepton symmetry extended model has been done by the group in ref. [2] , in which an asymmetric dark matter (DM) is mainly discussed. In these models, some exotic leptons are introduced to cancel gauge anomalies associated with gauged lepton number symmetry.
Even when active neutrino mass are radiatively induced, the lepton number is always violated in case of Majorana fermions. Thus the active neutrino masses can be connected to spontaneous breaking of lepton number symmetry when it is gauged. It is therefore interesting to construct a radiative neutrino mass model with gauged lepton number symmetry and to discuss resulting phenomenology.
In this paper, we construct a lepton model with a gauged U(1) lepton number symmetry, introducing exotic leptons in order to cancel the anomalies out among lepton sectors. Then the active neutrino masses are induced at two-loop level where the exotic leptons play a role in propagating inside a loop diagram.
1 Such extra fermions are also assumed to be odd under Z 2 symmetry and the lightest neutral component can be a good DM candidate. We discuss the neutrino mass, lepton flavor violation (LFV), muon g − 2, relic density of dark matter, and collider physics associated with Z ′ boson.
This paper is organized as follows. In Sec. II, we show our model, and formulate the neutral fermion sector including active neutrinos, (vector-gauge) boson sector, lepton sector, dark matter sector, and discuss collider physics through Z ′ boson at ILC . Finally We conclude and discuss in Sec. III.
II. MODEL SETUP AND PHENOMENOLOGIES
In this section, we construct our model and discuss resulting phenomenologies. First of all, we impose an additional U(1) L gauge symmetry and discrete Z 2 symmetry with three right-handed neutral fermions N Ra (a = 1 − 3) which are charged under the U(1) L and odd under the Z 2 . In addition, we also introduce the two sets of
with the same charges under the SM gauge groups, but with (2, −1) charges under U(1) L symmetry respectively.
as 3/2(6) and −3/2(−6) respectively where Q Y (L) denotes hypercharge(lepton number) and σ a is the Pauli matrix. In the boson sector, we introduce an isospin singlet scalar field ϕ to break the U(1) L symmetry spontaneously. For neutrino mass generation, we also add U(1) L charged singlet scalar fields S 1 and S 2 which are respectively Z 2 even and odd. Field contents and their assignments for fermions and bosons are respectively summarized in Table I .
Under these symmetries, the renormalizable Lagrangian for lepton sector and Higgs po- 
2 In general, −ℓ ′′ + ℓ ′ = −3 provides the anomaly free theory, where
tential are respectively given by
where
T ,H ≡ (iσ 2 )H * with σ 2 being the second Pauli matrix, and (a, b) runs over 1 to 3.
A. Scalar sector and Z ′ boson Scalar sector: The scalar fields are parameterized as
where w + , z, and z Inserting tadpole conditions, the CP even mass matrix in basis of (σ, h) with nonzero VEVs is diagonalized by GeV, the LEP constraint is applied to the effective Lagrangian
where ℓ = e, µ and τ . We then obtain following constraint from the analysis of data by measurement at LEP [39] :
We will take into account this constraint in the analysis of DM relic density and collider physics below.
B. Fermion masses
Charged-leptons: The SM charged lepton mass eigenvalues are given by
and extra singly charged leptons are given by m e ′′ ≡ y
and m e ′ ≡ y ′ e v/ √ 2 for our minimal filed contents. Notice here that the masses of SM charged-leptons does not mix the others. We also note that diphoton decay branching ratio of SM Higgs, BR(h SM → γγ), is modified by heavy charged lepton loop effects due to large Yukawa coupling constants y ′ e and y ′′ e . Since the branching ratio is strongly constrained by the Higgs measurements at LHC we need to suppress new physics contributions. One way is to introduce charged singlet scalar S ± which has sizable couplings to the SM Higgs, and the charged scalar loop can cancel the contribution from heavy charged lepton loop. Another way is to obtain heavy charged lepton masses via VEV of U(1) L charged scalar singlet as discussed in ref. [1] . These resolutions do not affect our mechanism of neutrino mass generation and other phenomenologies which will be analyzed below. We thus abbreviate detailed analysis of the issue in this paper, and masses of e ′ and e ′′ are simply parametrized
as M e ′ and M e ′′ respectively.
Exotic neutral fermions:
We have two mass matrices of neutral fermions in basis of 
T , and they are given by
and δm is given at the one-loop level as shown below. Then the mass eigenstates and their mixing are respectively defined
where V and U are respectively two by two and four by four unitary mixing matrices. The form of δm, which is given at the one-loop level, is found to be
(II.10)
Active neutrinos: The neutrino mass matrix is induced at the two-loop level in fig. 1 , which is given by GeV. In this case, we cannot explain the sizable muon g − 2, but we have another source that arises from the term y e ′′ e . Thus we will concentrate on this term in the muon g − 2 as
well as LFVs below.
C. LFV and muon g − 2
Muon g − 2: The muon anomalous magnetic moment(∆a µ ) has been observed and its discrepancy is estimated by [41] ∆a µ = (26.1 ± 8.0) × 10 −10 .
(II.14)
Our ∆a µ is induced by interaction with y e ′′ e coupling as explained above, and its form is computed as by [42, 43] :
where we define ℓ 1 ≡ e, ℓ 2 ≡ µ, and ℓ 3 ≡ τ . Comparing to the forms between muon g −2 and
LFVs, one finds that putting the condition (y e ′′ e ) 11 , (y e ′′ e ) 13 << (y e ′′ e ) 12 provides the sizable muon g − 2 without conflict of the constraints of LFVs. Under the condition, we shows the allowed region to satisfy the sizable muon g − 2 in fig. 2 . Each of the left-side figure and right-side one represents the allowed points in terms of m S − (y e ′′ e ) 12 and m S − M e ′′ , where perturbative limit is set to be y e ′′ e 4π. It suggests that rather large Yukawa coupling is required, while the mass ranges can widely be taken.
D. Dark matter
First of all, although we could have the lightest mass of inert bosonic(s RI ) or fermionc(ψ ′ 1 ) DM candidate, the bosonic one requires rather small Yukawa coupling to satisfy the correct relic density h 2 Ω ≈ 0.12 [45] , which conflicts with the sizable muon g − 2 that demands the order one Yukawa coupling [44] . Thus we will focus on the lightest fermion ψ Relic density: Under the above set up, let us write down the valid Lagrangian in basis of mass eigenstate to contribute to the relic density as
where we have used the unitary condition; U † U = 1 in the first term in the right side of above equation, g ′ is U(1) L gauge coupling, and a = 1 − 3. Then the squared amplitude for the process XX → ℓ ala (ν aνa ) via s-channel is given by 20) where p 1,2 (k 1,2 ) denote initial(final) state momentum, Γ Z ′ is the total decay width of Z ′ , and masses of leptons are supposed to be massless. The inner products of momentum such as (p 1 · p 2 ) are given in Ref. [48] . The decay width of Z ′ is given by
where we assume Z ′ decays into only SM fermions f , N f c is color factor, and C f = 1/2 for neutrino while C f = 1 for the other fermions. The relic density of DM is then given by [49] Ωh 2 ≈ 1.07 × 10
where g * (x f ≈ 25) is the degrees of freedom for relativistic particles at temperature
x 2 ) is given by [50] where we implicitly impose the kinematical constraint above. Then we numerically calculate relic density to search for the parameter region which can fit the observed data. The input parameters are randomly chosen in the ranges of Fig. 4 shows the cross section for √ s = 1 TeV as a function is expected with integrated luminosity of 10 fb −1 and our Z ′ can be tested at the ILC.
III. CONCLUSION
We have studied a radiative neutrino mass model in which lepton number symmetry is gauged adding Z 2 odd exotic leptons to cancel the gauge anomalies. The active neutrino masses are generated at two-loop level where the exotic leptons propagate inside a loop diagram. In addition, the lightest Z 2 odd neutral particle can be a good DM candidate.
We have formulated active neutrino mass matrix, partial decay width of LFV process ℓ → ℓ ′ γ, muon g − 2 and relic density of DM. The muon g − 2 can be as large as the observed value when we choose sizable Yukawa couplings and masses of exotic particles which is less than TeV scale. Relic density of our DM candidate is dominantly determined by the gauge interaction associated with Z ′ and observed value can be obtained. We have also discussed collider physics of Z ′ which can be produced by e + e − collision realized at ILC.
Sizable significance of Z ′ signal is expected for the parameter region which can explain the relic density of DM.
